Due to ongoing climate change, forests are exposed to changing environmental conditions, such as increasing temperatures and lower precipitation, to which trees have to adapt. Successful adaptation to changing and variable environments requires sufficient genetic variation within tree populations. Knowledge of the genetic variation of trees is therefore essential, as it provides information for the long-term conservation, stability and productivity of forests. The genetic variation of a species can be analysed with molecular markers. Despite growing genomic and genetic resources for European beech (Fagus sylvatica L.), which is one of the economically and ecologically most important forest tree species in Central Europe, the number of molecular markers for population genetic analyses is still limited. Therefore, the aim of the work is the development of new EST-SSR markers for this species.
Introduction
European beech (Fagus sylvatica L.) would dominate the natural vegetation in Central Europe and currently occupies different habitats, which reach from the mountain regions of Southern and Eastern Europe to the lowlands of Central Europe and Southern Sweden (Paule, 1995; Fang and Lechowicz, 2006) . European beech belongs to the beech family (Fagaceae), which contains the economically and ecologically important tree species of the genera oaks (Quercus), chestnuts (Castanea) and beeches (Fagus) (Aldrich et al., 2003) . In the course of climate change, trees are exposed to a number of stresses, such as increased temperatures and reduced rainfall (Kölling and Zimmermann, 2007) and hence have to adapt to changing environmental conditions, which may be hampered by their long-life cycles. Genetic variation is the prerequisite for forest trees to be able to adapt to environmental changes and maintain their adaptability for future generations (e.g., Vornam et al., 2004; Gailing et al. 2008) .
Microsatellites (short sequence repeats-SSRs) are important genetic markers often used in population genetic analyses (Ellis and Burke, 2007; Guichoux et al., 2011) . The advantages of SSR markers are their codominance, their high degree of polymorphism, their uniform distribution across the entire genome and their high reproducibility (e.g., Durand et al., 2010) . Among the microsatellite markers, EST-SSR markers are playing an increasingly relevant role (Ellis and Burke, 2007) . One of their advantages over nSSR markers is that they are located in regions of the DNA that are strongly conserved within phylogenetically related species. As a result, they often have very high transferability rates within closely related species, especially within the Fagaceae (Durand et al., 2010) . Genetic microsatellite markers can be derived from EST libraries and are located either in coding regions or in the 5' or 3' untranslated regions (UTRs) (Ellis and Burke, 2007) . Despite growing genetic and genomic resources for European beech (Lalagüe et al., 2014; Lesur et al., 2015; Müller et al., 2015; Dounavi et al., 2016; Müller et al., 2017; Mishra et al., 2018 ) the number of available SSR markers for this species is still limited. Especially, only a few gene-based EST-SSRs that were originally developed in other species are available for F. sylvatica (e.g., Ueno et al., 2009; Dounavi et al., 2016) . Here, we take advantage of ESTlibraries and derived primers that were developed in American beech, Fagus grandifolia Ehrh. The aim of this study was to establish a new set of EST-SSR markers for European beech, and to analyze genetic variation and differentiation at these markers in selected beech populations in Germany. The specific objectives of the study were: (I) to test different markers developed for F. grandifolia and Quercus rubra L. for amplification and polymorphism in F. sylvatica, and (II) to test the amplified polymorphic markers for their transferability to the species Fagus orientalis Lipsky, Castanea dentata Borkh. and Q. rubra.
Materials and Methods

Plant materials
Leaf samples were collected from beech seedlings that are part of a translocation experiment within the project "Biodiversity Exploratories" (https://www.biodiversity-exploratories.de/1/ home/). The seedlings originate from populations from north, middle, and south Germany: Schorfheide Biosphere Reserve (SEW5, latitude: 53°3'25.3", longitude: 13°53'7.3", altitude: 64 m), Hainich National Park (HEW10, latitude: 51°5'24", longitude: 10°27'44.8", altitude: 378 m), and Biosphere Reserve Swabian Alb (AEW5, latitude: 48°25'10.6", longitude: 9°24'52.9", altitude: 788 m). The populations AEW5 and SEW5 are managed stands, whereas HEW10 is an unmanaged stand. For each of the three populations 24 samples were used for the characterization of new EST-SSRs. To test transferability across species 8 F. orientalis samples from Turkey (Gailing and von Wühlisch, 2004 ) and 8 samples of each Q. rubra and C. dentata were also included.
Marker analysis
A total of 41 EST-SSR loci (Table 1, Supplementary Material 1) were initially tested for amplification and polymorphism in 5 F. sylvatica samples. Thereof, 35 primer pairs were originally developed for American beech (F. grandifolia), of which 28 came from the 'Hardwood Genomics Project' (https://www. h a r d w o o d g e n o m i c s . o r g / T r a n s c r i p t o m eassembly/1963031?tripal_pane=group_description_down-load) and seven markers from Kubisiak et al. (2009) . The other markers were originally developed for Q. rubra (https://www. h a r d w o o d g e n o m i c s . o r g / T r a n s c r i p t o m eassembly/1963023?tripal_pane=group_description_down-load). The annotation of the genes was obtained by searching the individual EST primer sequences in the respective contigs (F. grandifolia and Q. rubra) to identify the complete contig sequences (F. grandifolia and Q. rubra) for similarity searches against the UniProt Viridiplantae database (The UniProt Consortium 2017) using BLAST (Basic Local Alignment Search Tool) (Altschul et al., 1990) .
Fifteen markers that amplified polymorphic loci were selected for the population analysis and were tested for amplification and polymorphism in 24 F. sylvatica samples from the populations (AEW5, HEW10 and SEW5) described above, and in 8 samples of F. orientalis (Gailing and von Wühlisch, 2004) , Q. rubra, and C. dentata, respectively. Thirteen markers that were monomorphic in F. sylvatica were also tested for polymorphism in F. orientalis.
For PCR amplifications a tailed-primer approach was used (Schuelke, 2000; Kubisiak et al., 2009) . A 13.8 µl PCR mix was prepared consisting of 1.5 µl reaction buffer (containing 0.8 M Tris-HCl and 0.2 M (NH 4 ) 2 SO 4 ), 1.5 µl MgCl 2 (25 mM), 1 µl dNTPs (2.5 mM each dNTP), 0.2 µl HOTFIREPol Taq polymerase (Solis BioDyne, Estonia) (5 units/µl), 5.5 µl H 2 O, 0.2 µl tailed forward primer (5 picomole/µl), 0.5 µl PIG-tailed reverse primer (5 picomole/µl) (Schuelke 2000 , Kubisiak et al. 2009 ), 1 µl M13 (6-FAM/ HEX) primer (5 picomole/µl), and 2 µl DNA (ca. 0.6 ng/µl). The PCR reaction was performed in a Thermal Cycler (MJ Research PTC 200) with a touchdown program. The PCR profile consisted of an initial denaturation at 95 °C for 15 minutes followed by 10 touchdown cycles at 94°C for 1 min, 1 min at 60°C (decreasing 1 °C each cycle) and 1 min at 72°C, followed by 25 cycles at 94°C for 1 min, 50°C for 1 min and 72°C for 1 min, and a final extension at 72°C for 20 min.
PCR products were separated on an ABI 3130xl Genetic Analyzer (Applied Biosystems, Foster City, USA). Up to 4 primers were simultaneously subjected to fragment length analysis in multiplexes (multiplex I: FgSIC0024, FgSI0006 and FS_ C2361, multiplex II: FS_C6563, FS_C5453, FS_C1968 and FS_C5430, multiplex III: FS_C7377, FgSIC0009, FS_C5931 and FgSIC0025, multiplex IV: FS_C6785, FS_C4971 and FgSIC0016, multiplex V: FS_C8040 and FS_C7797) . Scoring of alleles was conducted using 'GeneMapper' version 4.1 (Applied Biosystems, Foster City, USA). (Peakall and Smouse, 2006; Peakall and Smouse, 2012) . GenAlEx was further used to calculate the probability of identity (P (ID) ) and the probability of identity among siblings (P (ID)sibs ). Inbreeding coefficients (F IS ) and their significance were determined using the ‚Fstat' v. 2.9.3 software (Goudet, 2002) . Significant deviations from zero were determined after Bonferroni correction (α= 0.05) to compensate for type I errors. In addition, linkage disequilibrium (LD) was calculated for each pair of loci in the three populations using ‚Genepop' version 4.7 (Rousset, 2008) based on the following settings: dememorization 10000, batches 100 and iterations per batch 5000. Presence and frequency of null-alleles were estimated with the Micro-Checker software 2.2.3 ( Van Oosterhout et al. 2004 ).
To measure the genetic variation among the populations, an analysis of molecular variance (AMOVA) was performed with ‚GenAlEx' using 9999 permutations. The genetic differentiation among populations was also calculated as the fixation index F ST for individual markers and across all markers in 'GenAlEx' .
Results
Out of the 41 primer pairs tested, 28 amplified products in the expected size range and 15 of them were polymorphic (Table 1, see Supplementary Material 1 for primers that did not amplify). The average number of alleles per locus ranged from 3.93 for population SEW5 to 4.40 for population AEW5 (Table 2) . For individual loci, N a ranged from 2 to 8. Inbreeding coefficients across all markers were not significantly different from zero in any population. For polymorphic loci, the expected heterozygosity (H e ) ranged from 0.223 to 0.817 in AEW5 (mean H e : 0.512), from 0.080 to 0.771 in HEW10 (mean H e : 0.514), from 0.081 to 0.780 in SEW5 (mean H e : 0.523) and the observed heterozygosity (H o ) ranged from 0.083 to 0.917 in AEW5 (mean H o : 0.506), from 0.083 to 0.875 in HEW10 (mean H o : 0.485), and from 0.083 to 0.833 in SEW5 (mean H o : 0.514). Genetic differentiation (F ST ) among the three populations was relatively low ranging from 0.002 for FS_C7977 to 0.055 for FS_C6785, with a mean differentiation of 0.025 (Table 2 ). The probability of identity (P (ID) ) across loci was 2.6E-09 for AEW5, 3.7E-09 for HEW10, and 2.7E-09 for SEW5, whereas the probability of identity among siblings (P (ID)sibs ) was 1.6E-04 for AEW5, 1.7E-04 for HEW10, and 1.4E-04 for SEW5. The percentage of loci in LD was 8.6 % in AEW5, 3.8 % in HEW10, and 2.9 % in SEW5 (mean over all populations: 5.1 %). The presence of null-alleles was detected only for locus FgSI0009 in the populations AEW5 and HEW10, and for locus FS_C5430 in population HEW10 (Supplementary Material 2). The AMOVA showed that 98 % of the molecular variance was within populations (7 % between individuals and 91 % within individuals) and only 2 % among populations.
Private alleles occurred in all three populations. In population AEW5, private alleles with a relative frequency of 0.021 to 0.104 occurred at three loci (FS_C8040, FS_C6563, FS_6785), followed by the population HEW10 with private alleles at two loci (FgSI0006, FgSI0016) with a relative frequency of 0.021 and 0.063, and SEW5 with private alleles at one locus (FgSI0025) with a frequency of 0.022 (Table 3 ). The private allele 165 at locus FS_C6563 had the highest relative frequency (0.104) in the AEW5 population, followed by the private allele 151 at locus FgSI0016 in population HEW10 (0.063).
In addition, the 15 polymorphic markers in F. sylvativa were examined for their transferability to other Fagaceae species: C. dentata, F. orientalis and Q. rubra (Table 4 ). All markers were transferable to F. orientalis and 12 of them were polymorphic. Markers FS_C8040 and FgSI0025 were not transferable to Q. rubra, all other 13 markers also worked for Q. rubra and 11 of them were polymorphic. Only 11 markers were transferable to C. dentata (6 of them were polymorphic), while the other markers (FS_C1968, FgSI0009, FS_C8040, FgSI0025) did not amplify. Table 2 Summary of genetic diversity parameters for the three beech populations 
Discussion
European beech has been well studied in terms of isoenzyme markers and chloroplast DNA markers (Demesure et al., 1996; Comps et al., 2001 ). In addition, nuclear microsatellite markers for East Asian beech species (e.g., Fagus crenata Blume and Fagus japonica Maxim.) were described in Tanaka et al. (1999) and also tested and partially adapted for F. sylvatica in Vornam et al. (2004) . There are also nuclear microsatellites specifically developed for European beech (Pastorelli et al., 2003) . Additionally, EST-SSRs were developed for F. crenata (Ueno et al., 2009 ), eight of them were adapted for use in F. sylvatica (Dounavi et al., 2016) . However, compared to other important tree species in Europe the number of molecular marker for European beech is still limited. Here, we developed an additional set of 15 polymorphic gene-based EST-SSR-markers for F. sylvatica, which were transferred from F. grandifolia. The EST-SSRs tested in this study showed lower variability and polymorphism than nSSR markers in previous studies. For instance, higher N a , H e and H o values on average were revealed by Vornam et al. (2004) Rajendra et al. (2014) also found across all beech populations from three geographic regions in Germany lower values in genetic diversity in EST-SSRs that were originally developed for Quercus robur L. (Durand et al., 2010) in comparison to the nuclear SSRs. These results show that less variability can be expected in EST-SSRs than at nSSRs likely as result of purifying selection (e.g. Ellis and Burke, 2007; Buonaccorsi et al., 2012; Harmon et al., 2017 The unmanaged stand HEW10 showed similar genetic diversity indices as the two managed stands. This is in agreement with other studies that analyzed the same (Rajendra et al., 2014) or different populations (Buiteveld et al., 2007; Shanjani et al., 2010; Paffetti et al., 2012) . The fact that none of the F IS values was significantly different from zero (after Bonferroni correction) shows that there are no significant deviations from Hardy-Weinberg-structures. Despite all loci were not originally developed for F. sylvatica, they are not much affected by the presence of null-alleles (Supplementary Material 2). Low values of both probability of identity (P (ID) ) and probability of identity among siblings (P (ID)sibs ) showed the high discrimination power of the described markers.
One advantage of EST-SSRs as compared to nSSRs is that they are located in areas of the genome that are highly conserved among phylogenetically related species, and thus exhibit high transferability within closely related species (cf. Tanaka et al., 1999; Barreneche et al., 2004; Vornam et al., 2004; Durand et al., 2010) . The markers tested in this study could be transferred to the three species F. orientalis, Q. rubra and C. dentata. All 15 markers were transferred successfully to F. orientalis, and 12 of them were polymorphic. Also in Vornam et al. (2004) (transfer of markers developed for F. crenata and F. japonica in F. sylvatica; 3/9 were polymorphic) and Tanaka et al. (1999) (transfer of EST SSR markers from F. crenata to F. japonica; 100 % transferability), transfers within the genus Fagus were successful.
In addition, good transferability between species of the same genus has also been found in other tree species. For example, in Brown et al. (2001) 52% of the microsatellites developed for Pinus taeda could be transferred to five other pine species on average. In addition, the microsatellites developed for Quercus petraea (Matt.) Liebl. were transferred to six different oak species (Q. petraea, Q. robur, Quercus pubescens Willd.: 100 %, Quercus cerris L.: 64 %, Quercus palustris Münchh., Q. rubra: 47 %) in the study by Steinkellner et al. (1997) .
Transferability also worked between the genus Fagus, Quercus and Castanea, but it was observed that the more distantly the species are related, the more difficult it is to transfer the markers (Quercus: 13/15, Castanea: 11/15). Also, the number of polymorphic markers was higher in Quercus (11/13) than in Castanea (6/11). Some studies on the transferability of microsatellite markers to related species of different genera can also be found in the literature. For instance, Steinkellner et al. (1997) successfully transferred the microsatellite markers developed for Q. petraea to F. sylvatica (24 %) and C. sativa (47 %). Barreneche et al. (2004) also showed that microsatellites developed for Q. rubra, Q. petraea, and Quercus macrocarpa Micx. amplified in Q. robur (100 %) and C. sativa (70 %, 37/53) and markers developed for C. dentata amplified in Q. robur (83 %, 21/30) and C. sativa (100 %). In addition, Durand et al. (2010) successfully transferred 63 EST-SSR markers from the 100 markers developed for oak to C. sativa (63%). In summary, the developed markers can be used as efficient tools to characterize the variation in studies with European beech.
